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Solar PV system development and integration with existing grid is very fast
in recent years all over the world, as they require limited maintenance,
pollution free and simple structure. When observing the factors affecting the
performance of the grid connected solar photovoltaic system, the inverter
output voltage with harmonics add with the harmonics generated due to the
non-linear loads, retain a bigger challenge to maintain power quality in the
grid. To maintain grid power quality, better inverter control technique should
be developed. This paper presents the two control techniques for grid-tied
inverters. This study developed the hysteresis controller for the inverter.
Hysteresis controller used in this work two way (i) Voltage control mode (ii)
Current control mode. Matlab/Simulink model is developed for the proposed
system. Further the study presents the comparative evaluation of the
performance of both control techniques based on the percentage of total
harmonic distortion (THD) with the limits specified by the standards such as

IEEE 1547 and IEC 61727 and IEEE Std 519-2014.
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1. INTRODUCTION

Due to the limited fossil fuel reserve availability, global warming and increasing the fuel cost, all the
countries turn towards to use of green energy sources, such as wind energy bio-energy and photovoltaic
energy, fuel cell etc. Among the various types of Distributed generation (DG) systems, solar PV system
development is very fast in recent years, as they require limited maintenance, pollution free and simple
structure. While Solar PV has many advantages at the same time, it also poses several challenges, like when
increase the penetration of solar PV system into the existing grid, many problems created for example
instability, increase harmonics level, voltage variation and flicker etc. Harmonics is found to be most
important problem out all the above issues related to the quality power inject into the grid. Considering the
above reasons there is an essential to develop novel inverter topology and controller to improve the quality of
solar energy produced [1]. In [2] authors have presented the comparison of sinusoidal PWM voltage and
hysteresis current control methods of grid-tied inverters act as a reactive power compensator.

The results conclude that, when switching frequency of the inverter is low, remove the unwanted
ripples of the output current is more difficult task. For this reasons voltage control technique is preferred. In
[3] presents a current control loop mechanism in 3-phase inverter which is used to control the reactive and
active power as well as maintain the good power quality. But, the study found that proposed current control
performance is affected often by change of magnitude, frequency, voltage dips, transient issues occur in a 3-
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phase grid. The study recommended that further enhancements to the current loop can be made by using soft
computing and intelligent control schemes. In [4] a hybrid model predictive control (HMPC) system is
proposed to control a 2-level voltage source inverter (VSI) of the high power grid. The impacts of the
modelling error on the system stability and average switching frequency are analyzed. HMPC can keep the
average switching frequency maintain operational limit, whereas improving the stability. Modelling and
analysis of a grid connected solar PV system integrating shunt active power filter (APF) with different PWM
generation feeding the nonlinear load is presented in [5]. In this study to generate required PWM signal for
the inverter hysteresis current control and space vector modulation (SVPWM) control are employed. The
simulation result shows that SVPWM provide the better result. In [6] presents the performance of grid
connected inverter with three digital hysteresis controllers such as fixed and adjustable switching frequency
controllers and Pl compensation loop. The study found that P1 control loop is efficent method to reduce the
harmonics Since, fixed switching frequency controller, the sampling frequency, filter inductance hystresis
band parameters are influence on the output current harmonics of the system. In [7] presents the method to
mitigate the power quality problems voltage sag, voltage swell of the grid by hysteresis voltage control
technique is used in inverter of dynamic voltage restorer (DVR) with PV system. The study [8] propose the
adaptive hysteresis band current control method for the 5-level cascaded multilevel inverter connected
photovoltaic system. The study concluded that due to increasing the number of levels of the inverter further
reduces total harmonic distortion (THD) of the system.

The study [9] proposed the fuzzy as well as adaptive controller to control the inverter used in the
grid connected solar PV system. The study concluded that the fuzzy adaptive hysteresis current controller
results in acceptable switching frequency and limited harmonic content and is suitable for photovoltaic
system. In [10] presents the effect of solar irradiance frequent changes of the grid-connected PV System on
THD. The study found that THD value increases when irradiance levels are decreasing. Unlike the above
mentioned works, this paper investigate the performance of the grid connected solar PV system using
hysteresis based voltage and current control techniques under the variable irradiance and temperature
conditions. This paper is organized as follows. Section Il detail explanation of the overview of the system.
Section 111 presents modelling of various components in the system. The details of the proposed controller
are given in section 1V, Simulation results and analysis of the proposed system are given in section V.
Conclusions are drawn in section V1.

2. STRUCTURE OF GRID-TIED PV SYSTEM

A grid-tied PV system as shown in Figure 1 have four major components blocks are there (i) solar
PV array, (ii) power electronics interface (iii) Controller (iv) grid. The Solar PV array delivers variable DC
power to the DC-DC boost converter, boosted DC power convert into the AC power using inverter and
transfer to the grid. The both the power converters have separate control system for maximize the DC power
and synchronous the grid and inverter voltage and frequencies.

BV ———— Boost Converter 3-phase Inverter AC zrid

array

MPPT control * Hysteresis Control}‘

Figure 1. Grid-tied solar PV system

3. SYSTEM MODELLING
3.1. PV Array Model
The equiavalent circuit of the solar PV cell as illustration in Figure 2.
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Figure 2. Equivalent circuit of a solar PV cell

PV cell equation is as shown in equation 1,
q(v+RsI)
I =L, — I {e( AKT _1)} — (V;fhﬁ) (1)

where Id-reverse saturation diode current; v-thermal voltage; N diode quality factor; Iph photo voltaic
current. The proportion of the photovoltaic current and light intensity as given in equation 2.

Iph =1, (Ipho/lm) )

where I is photo voltaic current under standard light intensity (l0) [11]. Solar PV cell Characteristic curves
are shown in Figure 3.
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Figure 3. PV cell characteristics curve

3.2. Boost Converter Model

A simple boost Converter is as shown in Figure 4. It is used in solar PV system to boost the output
voltage, when panel generate the lesser than actual voltage (unregulated) during the irregular weather
conditions with help of maximum power point tracking techniques [12]. Under steady state operation,

Vin X ton — (Vg — Vi) X torf = 0

@)
Vin XD XT =Wy —vyp) X(1—D)XT 4
vg 1
Vin  (1-D) ®)

Hysteresis-based Voltage and Current Control Techniques for... (S. Raja Mohamed)



2674 O ISSN: 2088-8708

L
I
+
T
Vs Ct J ljs co< |tom|v

Figure 4. DC-DC boost converter [11]

3.3. Three-Phase Voltage Source Inverter (VSI) Model

The schematic diagram for a basic 3-phase VSI as shown in Figure 5. Here inverter is to convert dc

voltage get from the solar PV cell via boost converter into the ac voltage. The inverter mathematical model
state-space equations are given in Equation 6.

diy - —

dar R/L 0 0 b /L 0 0 Uy — €y —lUpg

di N

d_:' -l o RL 0 ig Ug — g — Uy, (6)
. ) 0 1L 0

ﬂ 0 0 -R/L e Ue — € — Uy

dt

Upo = (Ug +ug +uc)/3

()
u, ug and u, are controlled with switching conditions (Si) according to equ (8). [12]
Vie, 5=1
Uy = 5‘. " l";dc = * l (8)
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Figure 5. Schematic diagram of the 3-phase voltage source inverter with hysteresis controller [13]
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4. CONTROLLERS DESIGN
4.1. MPPT Control Technique

Incremental Conductance (IC) type MPPT techniques is developed based on P-V characteristic
curve. During the vast irradiation changes environment other MPPT techniques are fail to track the maximum
power. This problem solved by the IC method, it produces more energy and enhance the tracking time.
Figure 6 illustrate the IC method MPPT procedure. [14-15]. Equation 9, 10 and 11 show the mathematical
equation of the IC method. Maximum power condition is dp/dv=0

Power=v*i ©)
d(v*i)/dv=i+v*di/dv=0 (10)
di/dv=-ilv (11)
P
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Figure 6.Incremental conductance MPPT[14-15]

4.2. Hysteresis Control Techniques

Hysteresis controller designed based on the properly selected hysteresis band (HB) fixed both of
side of the signal representing the preferred output waveform. Actually the control circuit generates the
desired magnitude and frequency reference sine wave signal, and it is compared with the actual input signal
by using the comparator. Switch status as shown in Table 1.

Table 1. 3-Phase Inverter Switching Logic Based on Hysteresis band (HB)
Comparator output signal status Switch Status
Upper switch of the leg is ON;
Lower switch of the leg OFF
Upper switch of the leg is OFF;
Lower switch of the leg is ON

Exceeds the upper band of HB

Cross the lower limits of HB

This study two types of hysteresis based control techniques are applied (1) Hysteresis voltage control
(HVC) (ii) Hysteresis current control (HCC) for the performance evaluation of the grid-tied PV system. This
study two types of hysteresis based control techniques are applied (a) Hysteresis voltage control (HVC) (b)
Hysteresis current control (HCC) for the performance evaluation of the grid-tied PV system.

4.2.1. Hysteresis Voltage Control (HVC)

Hysteresis voltage control structure as shown in Figure 7. In this technique grid-PCC point phase
voltage measure and compare with reference voltage value, hysteresis voltage band desired based on the Av-
error value. If suppose Aerror reach upper band value lower IGBTs are ON, alternate the A error reach lower
band upper level IGBT are ON. Hysteresis band voltage control as shown in Figure 7. The relation between
the switching frequency and hysteresis band as shown in equation 12

T, +T, =T, =1/f(12) (12)

Here, Hysteresis band=VVH-VL as shown in Figure 8 and the THD calculation as shown in Equation 13.
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THD(%) = 100 x (/X2_, v /v1) (13)

Where: K=order of the harmonics.
V1=fundamental component voltage

voltage sensd

Hysteresis voltage controller
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Figure 8. Hysteresis band voltage control

4.2.2. Hysteresis Current Control (HCC)

The HCC structure as shown in Figure 9. In this technique grid-PCC point phase current measure
and compare with reference current value, hysteresis current band desired based on the Al-error value. If
suppose Al _error reach upper band value lower IGBTs are ON, alternate the A I error reach lower band
upper level IGBT are ON.
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Figure 9. Hysteresis current controller connected to the network
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5. RESULTS AND DISCUSSION

The study model was developed and simulated using Simulink toolbox. The PV array is built based
on the Table 2 data’s and input signal temperature and irradiations ranges are set 25°C to 50°C and 250 to
1,000 W/m2 respectively. The developed study case Simulink model simulated and tested with proposed two
hysteresis control techniques (HCC and HVC) details are explain in this section.

Case.1: HCC controlled inverter connected solar PV system was simulated. The inverter output
voltage, current and input voltage is shown in Figure 10. It’s clearly indicate that the inverter output current
signal is more distorted. THD of the voltage in this case is 0.28% and current is 42.42% as shown in Figure
11 and 12. The obtained results clearly indicate that voltage THD is within the IEEE-519-2014, IEEE-1547
and IEC61727 standards THD maximum limit 5% [16], [17], [18]. However, the current THD is exceed the
standards THD limit. The behaviour of the HCC control technique is found to be worst. Since hysteresis
current control, harmonics are wide spread from low to high frequency range.

Table 2. The Description of Study Case Solar PV System
Parameters Specifications
Parallel string=7

PV Aray Data Series connected modules per string=5
PV Module Data Name: Sun Power SPR-305-WHT-D
Cells per module(Neen) 96
Maximum power (W) 305.226w
OCC voltage (Voc) (V) 64.2V
SCC current (Isc)(A) 5.96A

Vaoltage (v)

Curent (A)

G b NO N B DB LG MO NWA

350 |— DE-DC Converter

Vollage (v)

Figure 10. Inverter output voltage, output current and input voltage (HCC control)

_ Fundamental (S0Hz) = 34450404 , THD= 0.26%
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Figure 11. Voltage THD (V_THD)-Case 1
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Fundamental (50Hz) = 2.302 , THD= 42.22%
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Figure 12. Current THD (I_THD) — Case 1

Case 2: HVC controlled inverter connected solar PV system was simulated. Figure 13 shows the
inverter output voltage, current and input voltage. It’s clearly show that the current signal less oscillation.
THD of the voltage is this case is 0.17% and current is 3% as shown in Figure 14 and 15. This THD values
are within the THD limit of IEEE-519-2014, IEEE 1547 and IEC-61727 standards. The operation of the HVC
control technique is found to be much better than HCC control.
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Figure 13. Inverter voltage, current and DC-DC converter output voltage —Case 2

The voltage and current THD with constant switching frequency of two hysteresis controllers are
given in Table 3. The comparison of two hysteresis control techniques with different order of harmonics and
maximum current THD are summarized in Table 4. The current THD value of the 3rd -9th harmonic order
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and 11th -15th of the HVC controller is 3% and 0.25% respectively and it meets the standard, at the same
harmonic orders HCC controller is generated 40% and 5% of THD, it’s not satisfied the standards. Also the
harmonic order 17th -21st and 23rd -33rd current harmonics of the HVC controller not appear and HCC
controller is generate the 3.5% and 2.5% THD, it is not within the standard values 1.5% and 0.6%.

Fundamental (60Hz) = 4,597, THO= 3.00%

THD=3.00%
;_lel. ll_ "
o 00 a0 00 Ly 00 000 o0 000 4000 000
Frequancy (Hz)
Figure 14. Current THD (I_THD)-Case 2
Fundamental (60Hz) = 144504, THD= 0.17%
THD=0.17%
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o 000 2000 X0 4000 5000 000 el 00 e 10000
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Figure 15. Voltage THD (V_THD)- Case 2
Table 3. Comparison of Two Hysteresis Control Techniques
Switching
Controller Current (%THD) Voltage (%THD) frequency (kH2)
Hysteresis- Current Control (HCC) 42.22% 0.28% 10
Hysteresis-voltage control (HVC) 3.00% 0.17% 10

Hysteresis-based Voltage and Current Control Techniques for... (S. Raja Mohamed)
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Table 4. Comparison of Two Hysteresis Control Techniques with Order of the Harmonics
IEC-61727 Standard  Study system with (HVC) St“dy(a’gg’;‘ with
Nominal Power 10KW 10KW 10KW
*H *H THD *H THD
0,
(PO i) %) (nth) (%)
Harmonic current 4 4 3-9 3% 3-9 40
limits
11-15 2 11-15 0.25% 11-15 5
17-21 15 Not appear - 17-21 35
23-33 0.6 Not appear - 23-33 25
MaX|m_|t_J|_r:1Dcurrent 50 3% 42.49%
6. CONCLUSION

The performance of the two proposed controller techniques: hysteresis voltage controller and

hysteresis current controller has been investigated. The PV array modelling, inverter circuit topology, control
algorithm and implementation procedures are analyzed in detail. The competency of the proposed hysteresis
controllers has been demonstrated through the results of the simulation and validated with the IEEE 519-

2014

, IEEE-1547 and IEC-61727 standards. This study concludes based on the results HVC controller used

in inverter is suitable for grid connected solar photovoltaic system to avoid the power quality problem
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